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We studied the spreading of feature-based attention from attended to ignored motion ﬁelds (linear, cir-
cular, and combinations). When observers attended one of two superimposed motion ﬁelds on one side of
the visual midline, sub-threshold priming by an ignored motion ﬁeld was altered signiﬁcantly on the
opposite side of the midline. This attentional spreading was observed only when attended and ignored
motion ﬁelds conformed to a complex global ﬂow, not when they shared the same linear motion. These
ﬁndings corroborate an earlier study (Festman & Braun, 2010), which obtained similar results with a
complementary methodology. We conclude that feature-based attention is more complex than hitherto
appreciated in that it spreads preferentially in an object-speciﬁc manner.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
It is often said that visual attention enhances task-relevant and
suppresses task-irrelevant information. However, attention does
not distinguish perfectly between the two kinds of information,
in that the enhancement of relevant information often ‘spills over’
to irrelevant stimuli. For example, attentional selection typically
includes, in addition to the task-relevant stimulus, any other stim-
uli linked to it by perceptual grouping (‘‘object-based attention’’,
Blaser, Pylyshyn, & Holocombe, 2000; Driver & Frith, 2000;
Duncan, 1984, 1996; Scholl, 2001; Treisman & Kanwisher, 1998).
Similarly, when attention is directed at a task-relevant feature
and location, the enhancement may spread to any task-irrelevant
locations that share the task-relevant feature (‘‘feature-based
selection’’, Maunsell & Treue, 2006). This ‘spilling over’ of fea-
ture-based attention has now been observed in numerous studies,
including psychophysical studies (Arman, Ciaramitaro, & Boynton,
2006; Melcher & Morrone, 2003; Melcher, Papathomas, & Vid-
nyánszky, 2005; Melcher & Vidnyanszky, 2006; Sàenz, Buracas, &
Boynton, 2003; Wegener et al., 2008), single-unit recording studies
with behaving primates (Hayden & Gallant, 2005, 2009; Martinez-
Trujillo & Treue, 2004; Maunsell & Treue, 2006; Treue & Martinez-
Trujillo, 1999; Treue & Maunsell, 1996; Wannig, Rodriguez, &
Freiwald, 2007), and functional imaging studies with human
observers (Sàenz, Buracas & Boynton, 2002; Serences & Boynton,
2007).
For many of these observations, the ‘‘feature-similarity gain
model’’ (Maunsell & Treue, 2006; Treue & Martinez-Trujillo,ll rights reserved.
ogy, Otto-von-Guericke-Uni-
urg, Germany.1999) provides a unifying account. According to this model, atten-
tion adjusts the response gain of visual neurons throughout the
visual ﬁeld such as to emphasize the currently task-relevant fea-
ture, increasing the gain of neurons preferring similar features
and decreasing the gain of neurons preferring dissimilar features.
This general framework explains why attending to a particular
direction of motion at one location should enhance responses to
the same direction of motion also at other, ignored locations
(Arman, Ciaramitaro, & Boynton, 2006; Martinez-Trujillo & Treue,
2004; Sàenz, Buracas, & Boynton, 2002; Serences & Boynton,
2007; Treue & Martinez-Trujillo, 1999).
Both feature similarity and perceptual grouping are likely to pro-
mote spreading of feature-based attention to ignored parts of the
visual ﬁeld. An intriguing study of single-unit responses in behav-
ing primates has demonstrated attentional spreading within circu-
lar motion ﬂows and has attributed this observation to perceptual
grouping (speciﬁcally ‘‘surface-based segmentation’’, Wannig,
Rodriguez, & Freiwald, 2007). Our recent psychophysical study
(Festman & Braun, 2010) of attentional spreading between linear,
circular, and radial motion ﬁelds also revealed the importance of
perceptual grouping. Speciﬁcally, we observed maximal atten-
tional spreading when circular, radial, or linear motion ﬁelds
‘‘conform to a complex global ﬂow’’ as illustrated in Fig. 1A.1 Pre-
sumably, strong perceptual grouping facilitates attentional spreading
in these cases. In contrast, we observed substantially less, albeit still
signiﬁcant, attentional spreading when two motion ﬁelds share the1 ‘‘Conformance to a complex global ﬂow’’ is a heuristic notion for which we have
elsewhere (Festman & Braun, 2010) proposed a quantitative measure, namely, the
maximal goodness of match between the two motion ﬁelds and a ‘‘complex global
ﬂow’’. So far, we have only considered circular and radial ‘‘complex ﬂows’’, but this list
will likely need to be extended. Linear ﬂows are not considered ‘‘complex’’.
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Fig. 1. Partial summary of earlier ﬁndings (Festman & Braun, 2010, see also Fig. 8). Only 9 of 16 investigated situations are shown. Two motion ﬁelds (large black arrows in
white apertures) exhibited translational, circular, and/or radial motion. Perceptual grouping/attentional spreading between ﬁelds was assessed in terms of dual-task
performance, with high performance indicating a high degree of grouping/spreading. (A) Combinations with maximal dual-task performance, indicating strong perceptual
grouping.Motion ﬁelds conformed to a complex global ﬂow (small black arrows, shown here only for illustration and not visible on the actual display). (B) Combinations with
intermediate dual-task performance. Motion ﬁelds exhibited complete feature similarity (same motion in both ﬁelds). (C) Combinations with minimal dual-task performance.
Motion ﬁelds exhibited little or no feature similarity or perceptual grouping.
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(Fig. 1B). In these cases, feature similarity seems to have facilitated
attentional spreading. A contribution of perceptual grouping seems
unlikely, as linear motions produced results comparable to circular
and radial motions. Finally, when two motion ﬁelds offer neither
an opportunity for perceptual grouping nor feature similarity
(Fig. 1C), we did not observe attentional spreading. These results
suggest that both perceptual grouping and feature similarity can facil-
itate attentional selection and that they may do so to different
degrees.
The present study aimed to conﬁrm and extend our earlier ﬁnd-
ings (Festman & Braun, 2010) with a different experimental para-
digm. To this end, we modiﬁed the experimental situation in
several ways such as to favor the spreading of feature attention:
(i) Observers attended to one stimulus location and ignored the
other (where previously they had divided attention between both
locations). This emulated two previous positive reports of atten-
tional spreading due to feature similarity (Arman, Ciaramitaro, &
Boynton, 2006; Melcher, Papathomas, & Vidnyánszky, 2005). (ii)
Observers attended to one of two transparently superimposed mo-
tion ﬁelds (where previously they had attended to a single motion
ﬁeld of low coherence). This served to speciﬁcally engage feature-
selective (as opposed to merely spatially selective) attention
(Arman, Ciaramitaro, & Boynton, 2006; Melcher & Morrone,
2003; Melcher & Vidnyanszky, 2006; Melcher, Papathomas, & Vid-
nyánszky, 2005; Sàenz, Buracas, & Boynton, 2003; Wegener et al.,
2008). (iii) The task-relevant feature remained the same through-
out a block of trials (where previously it had varied from trial to
trial), permitting a gradual build-up of selectional bias over succes-
sive trials (‘‘consistent mapping’’, Schneider & Schiffrin, 1977,
1977), as observed for feature attention (Wolfe et al., 2004). (iv)
Spreading of attention was assessed indirectly through sub-thresh-
old priming (not directly through dual-task performance), in order
to measure attentional spreading to ignored locations within the
visual ﬁeld (Arman, Ciaramitaro, & Boynton, 2006; Martinez-
Trujillo & Treue, 2004; Sàenz, Buracas, & Boynton, 2002; Serences
& Boynton, 2007; Treue & Martinez-Trujillo, 1999).We investigated linear and circular motions ﬁelds in eight com-
binations, including linear–linear, circular–circular, and circular-
linear. Based on our prior results (Festman & Braun, 2010), we ex-
pected these eight combinations to divide into three groups
(Fig. 2). In the ﬁrst group (Fig. 2A), the two ﬁelds conform to a com-
plex global ﬂow and should, based on our prior results, exhibit
strong perceptual grouping. This included circular-linear and circu-
lar–circular pairs of motion ﬁelds. In the second group (Fig. 2B), the
two ﬁelds share the same motion, providing complete feature sim-
ilarity. This included linear–linear and circular–circular pairs of
motion ﬁelds. In the third group (Fig. 2C), the two ﬁelds offer nei-
ther feature similarity nor opportunities for perceptual grouping.
The details of our experimental design are illustrated in Fig. 3.
Two motion ﬁelds were presented continuously to the left and
right of ﬁxation (for up to 2 s). One ﬁeld (transparent ﬁeld, shown
on the left in Fig. 3A) contained transparently superimposed red
and green dots following opposite ﬂow patterns. After approxi-
mately 1 s, both groups independently increased or decreased their
speed (speed change). To engage feature-based attention, observers
were required to monitor dots of one particular color and to report
the sign (i.e., increment or decrement) of the speed change. In the
other ﬁeld (incoherent ﬁeld, shown on the right in Fig. 3A), white
dots moved in random directions, except during two brief epi-
sodes, termed motion prime and motion probe, during which a frac-
tion of dots followed a coherent ﬂow pattern. Due to motion
integration between the two successive sub-threshold ﬂows
(Melcher & Morrone, 2003), a coherent ﬂow during the prime facil-
itated the detection of the same ﬂow during the probe.
Feature-based attention, while engaged by the speed change in
the transparent ﬁeld, is expected to spread to the concurrentmotion
prime in the incoherent ﬁeld. Any such spreading is expected to
result in a threshold facilitation of detecting the motion probe, as
previously observed by Melcher, Papathomas, and Vidnyanszky
(2005). The extent of this facilitation should reveal the degree of
attentional spreading and, thus, the degree to which perceptual
grouping and/or feature similarity promote attentional spreading
between different combinations of motion ﬁelds.
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Fig. 2. Situations investigated in the present study (schematic). Eight combinations of circular or linear motion ﬁelds were used, not counting symmetric combinations (in
which both motions were reversed). One motion was attended (here: left aperture with thick black arrow) and the other was ignored (here: right aperture with grey arrow).
Attentional spreading was assessed in terms of priming by the ignored ﬁeld (see Fig. 3 for details). (A) Combinations with particularly strong perceptual grouping: two ﬁelds
conform to a complex global ﬂow (small black arrows, shown here only for illustration and not visible on the experimental display!). (B) Combinations with feature similarity
(the two ﬁelds share the same motion). (C) Combinations with neither strong perceptual grouping nor feature similarity.
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2.1. Observers
Six paid observers (22–35 years of age) participated in the
experiment. All were naïve regarding the purpose of the experi-
ment and completed about 10–20 h of training and testing over a
period of 2–4 weeks.2.2. Stimuli
The stimuli were ﬁelds of moving dots, which were generated in
Matlab using the Psychophysical Toolbox (Brainard, 1997; Pelli,
1997) and displayed on a 2200 color monitor (IIyama; 30  22.5
usable ﬁeld-of-view from 75 cm, 100 Hz). For each trial, two ﬁelds
of dots were presented symmetrically within two circular aper-
tures (diameter 7.2; centre at 6.75 eccentricity) presented to
the left and right of a ﬁxation point (diameter 180). Each ﬁeld con-
tained 100 dots (diameter 100, luminance 26 cd/m2). The ﬁeld on
one side contained an equal number of green and red dots of com-
parable luminance and saturation (‘‘transparent motion ﬁeld’’, indi-
cated by open and ﬁlled dots in Fig. 3). Green and red dots always
moved in opposite directions, forming two superimposed but dis-
tinct patterns of ﬂow (e.g., when the green dots rotated clockwise,
the red dots rotated counter-clockwise). The ﬁeld on the other side
contained monochromatic dots (‘‘incoherent motion ﬁeld’’, indicated
by grey dots in Fig. 3) moving in random directions. The lifetime of
white dots was 150 ms and any disappearing white dots were re-
placed instantaneously by new white dots appearing elsewhere
in the motion ﬁeld. Chromatic dots remained visible throughout
the trial (in order to not complicate further an already challenging
behavioural task).
After moving continuously for 900 or 1050 ms, both popula-
tions in the transparent ﬁeld independently increased or decreased
their speed for a period of 150 ms (‘‘speed change’’), after which
they resumed their respective motions with the original speedfor 450–600 ms. In half the trials, a fraction of the dots in the inco-
herent ﬁeld moved coherently for a period of 150 ms (‘‘motion
prime’’). This coherent motion occurred in one of two directions
and simultaneously with the speed change. The fraction of coherent
dots was chosen such that the coherent motion remained below
the detection threshold (sub-threshold ﬂow, Melcher & Morrone,
2003). Some 450–600 ms after the end of the prime period, a frac-
tion of dots again moved coherently for 150 ms (‘‘motion probe’’).
The direction of this probe motion was the same as the prime mo-
tion. Between prime and probe periods, all the dots in the incoher-
ent ﬁeld moved randomly.
Three major ﬂow patterns were used, each with two possible
directions: Horizontal ﬂow leftward (‘l’) or rightward (‘r’), vertical
ﬂow upward (‘u’) or downward (‘d’), and circular ﬂow clockwise
(‘cw’) or counter-clockwise (‘cc’). These patterns were used in four
combinations in the transparent and incoherent ﬁelds, respectively:
circular–vertical, circular–circular, vertical–vertical, and horizontal–
horizontal (Fig. 3). The ﬁrst ﬂow in each combination was shown
in the transparent ﬁeld in the form of two superimposed patterns.
The second ﬂow in each combination was shown in the incoherent
ﬁeld during the prime and probe periods. Accordingly, each ﬂow
combination comprised four types of trials (e.g., the circular–verti-
cal combination comprised ‘cc–u’, ‘cc–d’, ‘cw–u’, and ‘cw–d’ trials).
Taking into account also the presence or absence of the motion
prime, each block contained eight types of trials.
Field position was balanced across subjects. For half the sub-
jects, the transparent ﬁeld was to the left and the incoherent ﬁeld
was to the right of ﬁxation. For the other half, the positions were
reversed.2.3. Procedure
2.3.1. Visual tasks
Each trial required the discrimination of a speed change in the
transparent ﬁeld (‘‘feature selection task’’) and the discrimination
of motion direction in the incoherent ﬁeld (‘‘probe task’’). Before
Time
Speed change
150 ms
450-600 ms
900-1050 ms
150 ms
Prime
Probe
Current focus of spatial attention
FP
A
DB C
Fig. 3. Trial sequence and locus of attention (schematic) and experimental conditions. (A) Two motion ﬁelds are shown to the left and right of ﬁxation (FP). In one ﬁeld
(transparent ﬁeld), red and green dots follow opposite ﬂow patterns (here shown on the left, with red/ﬁlled dots rotating clockwise and green/open dots counter-clockwise).
Subsequently, both groups of dots independently increase or decrease their speed for 150 ms (speed change). In the feature selection task, observers track one group of dots and
report the sign of its speed change. In the other ﬁeld (incoherent ﬁeld), white dots move in random directions, except during two episodes of 150 ms each (motion prime and
motion probe), when they follow a partially coherent ﬂow pattern (here shown on the right, with white/grey dots moving coherently downwards). In the probe task, observers
discriminate between two possible directions of probe motion (here: up or down). Presumably, the locus of attention (dashed circle) shifts from the transparent ﬁeld to the
incoherent ﬁeld after the speed change. The motion prime is below threshold and thus not expected to attract attention. The aim of the experiment is to assess attention
‘‘spilling over’’ from the (attended) speed change to the (unattended) motion prime. If it occurs, such a ‘‘spill-over’’ should lower the discrimination threshold for the motion
probe. Four combinations of motion patterns were used: circular–vertical (A), circular–circular (B), vertical–vertical (C), and horizontal–horizontal (D).
Table 1
Amplitude of speed change and baseline speed (magnitude and standard deviation
across observers), for three ﬂow patterns in the transparent ﬁeld.
Flow pattern Baseline speed (/s) Speed change (/s)
M SD
Horizontal 5.4 1.3 0.11
Vertical 5.4 1.3 0.14
Circulara 90 20 2.6
a Degrees of rotation per second.
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monitor during the feature selection task. Speciﬁcally, observers
were instructed to maintain central ﬁxation and to monitor the
ﬂow with the relevant color in the transparent ﬁeld until the speed
change occurred (e.g., attend to green dots moving clockwise,
ignore red dots moving counter-clockwise) and then to monitor
the incoherent ﬁeld until the motion probe appeared. Observers ini-
tiated each trial sequence with a key press and afterwards reported
the sign of the speed change (increment or decrement) and the
direction of the motion probe (e.g., clockwise or counter-clockwise)
separately and independently with two further key presses.
2.3.2. Training
Subjects were trained separately and for at least 1 h on each
task (single-task condition) and each motion pattern (i.e., circular,
vertical and horizontal). To ensure that the discrimination of the
speed change pose a sufﬁcient attentional load, the magnitude of
this change was chosen independently for each observer such as
to maintain a performance of 75–85% correct. Table 1 presents
for each type of ﬂow pattern the baseline speed and the magnitude
of the speed change attained at the end of training.
The coherence of the motion probe (percentage of coherently
moving dots) was varied in a staircase procedure (1 down–2 up)and a cumulative psychometric curve was ﬁtted to the results in
order to obtain a discrimination threshold (75% correct). Finally,
the coherence of the motion prime was set to the maximal value
for which performance did not signiﬁcantly differ from chance
(see also Melcher, Papathomas, & Vidnyánszky, 2005, Supplemen-
tal data). Table 2 lists the coherence values for motion prime and
motion probe that were chosen by the ﬁtting procedure.
2.3.3. Data acquisition and analysis
After training the discrimination of a speed change and of a
motion probe separately (single-task conditions), observers per-
formed both tasks together (dual-task conditions). At least 10
Table 2
Coherence levels of motion prime and motion probe (mean and standard deviation
across observers), for three ﬂow patterns in the incoherent ﬁeld.
Flow pattern Prime coherence (%) Probe coherence (%)
M SD M SD
Horizontal 17 4 26 5
Vertical 14 5 22 5
Circular 16 6 24 6
Y. Festman, J. Braun / Vision Research 54 (2012) 31–38 35dual-task blocks were performed for each ﬂow combination. Per-
formance on reporting the speed change did not differ signiﬁcantly
between single- and dual-task conditions, conﬁrming that atten-
tion was fully allocated to this task in both situations.
The data for symmetric motion pairings were pooled, so that for
each ﬂow combination we distinguished only four (not eight) types
of trials: trials with and without amotion prime and trials with two
kinds of pairings. For circular–vertical ﬂow combinations (Fig. 3A),
we pooled the pairings ‘cw–d’ and ‘cc–u’ trials (which conformed
to a common ﬂow) and the pairings ‘cw–u’ and ‘cc–d’ (which did
not). For circular–circular combinations (Fig. 3B), we pooled the
(dissimilar) pairings ‘cw–cc’ and ‘cc–cw’ and the (similar) pairings
‘cc–cc’ and ‘cw–cw’. For the combinations of vertical–vertical and
horizontal–horizontal (Fig. 3C and D, respectively), we similarly
distinguished between (similar) pairings ‘u–u’ and ‘d–d’ (or ‘l–l’,
‘r–r’) and (dissimilar) pairings ‘u–d’ and ‘d–u’ (or ‘l–r’, and ‘r–l’).3. Results
Our experimental design for assessing the ‘‘spilling over’’ of fea-
ture-based attention was modelled on Melcher, Papathomas, and
Vidnyánszky’s (2005) paradigm, but differed in that attended and
ignored motion ﬁelds shared no color features (red or green vs.
white). In addition, we investigated more complex combinations
of motion ﬁelds. Some combinations conformed to a complex glo-
bal ﬂow and were expected to exhibit strong perceptual grouping
(Fig. 2A). Other combinations exhibited feature similarity in terms
of their motion features (Fig. 2B). Yet other combinations offered
no opportunity for either perceptual grouping or feature similarity
(Fig. 2C). Due to these differences, we observe ‘‘spilling over’’ for
some of the combinations and not for others.
3.1. Attending circular motion while ignoring vertical prime
In this condition (Fig. 3A), observers attended a circular motion
(‘cw’ or ‘cc’) in the transparent ﬁeld, discriminating its speed change.
They ignored the motion prime in the incoherent ﬁeld, but discrim-
inated the vertical direction (‘u’ or ‘d’) of the motion probe, which
appeared subsequently in the same ﬁeld. When attended and ig-
nored motions conformed to a common ﬂow (‘cw–d’ and ‘cc–u’),
the presence of an ignored prime increased probe discrimination
signiﬁcantly (Fig. 4B), from 70.6% to 78.9% (p < 0.001). In contrast,
when attended and ignored motions did not conform to a common
ﬂow (‘cw–u’ and ‘cc–d’), the prime had no signiﬁcant effect on
probe discrimination (74.1%, 74.1%, p > 0.5; Fig. 4A).
3.2. Attending circular motion while ignoring circular prime
Here, observers attended again a circular motion (‘cw’ or ‘cc’) in
the transparent ﬁeld, discriminating its speed change. They ignored a
circular motion prime (‘cw’ or ‘cc’) in the incoherent ﬁeld and dis-
criminated the subsequent motion probe rotating in the same
way (Fig. 3B). When attended and ignored ﬂows rotated in oppo-
site directions, the probe performance was raised signiﬁcantly by
the presence of a prime (Fig. 5B), from 73.0% to 80.8% (p = 0.016).In contrast, when the two ﬂows rotated in identical directions,
the prime had no signiﬁcant effect on the probe task (73.5%,
74.5%, p > 0.5; Fig. 5A).
3.3. Attending and ignoring two vertical motions
In this condition, observers attended a vertical motion (‘u’ or ‘d’)
in the transparent ﬁeld and ignored a vertical motion prime (‘u’ or
‘d’) in the incoherent ﬁeld (Fig. 3C). The presence or absence of a
prime had no signiﬁcant effect on probe discrimination, both when
attended and ignored motions were parallel (76.4–75.0%, p = 0.32;
Fig. 6B) and when they were anti-parallel (74.0–77.2%, p = 0.21;
Fig. 6A).
3.4. Attending and ignoring two horizontal motions
In the ﬁnal condition, observers attended a horizontal motion
(‘l’ or ‘r’) in the transparent ﬁeld and ignored a horizontal motion
prime (‘l’ or ‘r’) in the incoherent ﬁeld (Fig. 3D). The presence or
absence of a prime had no signiﬁcant effect on probe discrimina-
tion, both when attended and ignored motions were parallel
(77.4–76.2%, p = 0.43; Fig. 7B) and when the two motions were
anti-parallel (75.3–79.0%, p = 0.17; Fig. 7A).4. Discussion
The present study assessed attentional spreading between mo-
tion ﬁelds in terms of threshold elevation (% coherence) due to
sub-threshold summation. The ﬁndings are summarized in Fig. 8.
We observed signiﬁcant spreading of attention in two situations
distinguished by strong perceptual grouping: when circular motion
was consistent with an adjacent vertical motion and when two
opposite circular motions were combined (Fig. 8A). In all other sit-
uations investigated, no signiﬁcant spreading of attention could be
detected. The negative results included situations with complete
feature similarity between motion ﬁelds (Fig. 8B), as well as situa-
tions offering neither feature similarity nor clear opportunities for
perceptual grouping (Fig. 8C).
The present ﬁndings are broadly consistent with the results of
an earlier study (Festman & Braun, 2010). That study, had assessed
the degree of perceptual grouping between two motion ﬁelds by
establishing dual-task performance (speciﬁcally, a ‘‘compatibility
index C’’). When dual- and single-task performances were compa-
rable (C  1), it indicated strong perceptual grouping. When dual-
task performance fell between single-task and chance performance
(C  0), it indicated lack of perceptual grouping. This approach as-
sumes that attentional selection and dual-task performance are
constrained by perceptual organization (‘‘object-based attention’’,
Driver & Frith, 2000; Scholl, 2001).
In both studies, the strongest evidence for perceptual grouping/
attentional spreading was obtained when two motion ﬁelds ‘‘con-
formed to a complex and global ﬂow’’ (Fig. 8A). Conformance to a
‘‘complex ﬂow’’ is a heuristic notion, admittedly in need of further
and better characterization, for which our earlier study proposed a
quantitative measure. More speciﬁcally, we postulate two neces-
sary conditions for perceptual grouping/attentional spreading:
conformance to a global ﬂow, plus a (unspeciﬁed) degree of com-
plexity in this ﬂow. The complexity is required because simple glo-
bal ﬂows (i.e., global translation, global rotation) fail to support
strong perceptual grouping/attentional spreading. We speculate
that perceptual grouping of motion ﬁelds across large distances
may require particularly compelling visual evidence, such as con-
verging or diverging ﬂows that are unlikely to be accidental. This
may be why, in the situations in question, circular and radial ﬂows
produced perceptual grouping while linear ﬂows did not.
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Fig. 4. Performance in probe task in circular–vertical condition. Effect of prime presentation in case of non-common motion (A), and common motion (B). Attended feature
denoted by black arrows. Features conveyed by the prime are denoted by grey arrows. Probe discrimination performances for each subject, in each case, are denoted by two
connected grey open circles. Black square and error bars denote the average over all subjects.
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Fig. 5. Performance in probe task in circular–circular condition. Effect of prime presentation in case of non-common motion (A), and common motion (B). Attended feature
denoted by black arrows. Features conveyed by the prime are denoted by grey arrows. Probe discrimination performances for each subject, in each case, are denoted by two
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Fig. 6. Performance in probe task in vertical–vertical condition. Effect of prime presentation in case of non-common motion (A), and common motion (B). Attended feature
denoted by black arrows. Features conveyed by the prime are denoted by grey arrows. Probe discrimination performances for each subject, in each case, are denoted by two
connected grey open circles. Black square and error bars denote the average over all subjects.
36 Y. Festman, J. Braun / Vision Research 54 (2012) 31–38Taken together, our two studies suggest the following conclu-
sions: (i) Certain combinations of motion ﬁelds produce exception-
ally strong perceptual grouping/attentional spreading, signiﬁcantlystronger than can be obtained with more commonly studied
conﬁgurations (i.e., collinear motions). (ii) This exceptionally
strong grouping/spreading does not depend on the details of the
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Fig. 7. Performance in probe task in horizontal–horizontal condition. Effect of prime presentation in case of non-common motion (A), and common motion (B). Attended
feature denoted by black arrows. Features conveyed by the prime are denoted by grey arrows. Probe discrimination performances for each subject, in each case, are denoted
by two connected grey open circles. Black square and error bars denote the average over all subjects.
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Fig. 8. Summary of ﬁndings and comparison with earlier study (Festman & Braun, 2010). Dual-task compatibility (compatibility index C) and threshold elevation (D%
coherence) for all combination of motion ﬁelds investigated in the present study. (A) Combinations of motion ﬁelds that ‘‘conform to a complex global ﬂow’’. (B)
Combinations with complete feature similarity. (C) Other combinations.
Y. Festman, J. Braun / Vision Research 54 (2012) 31–38 37psychophysical paradigm (attention divided or focused, attention
engaged by a single motion ﬁeld or by two transparently superim-
posed motion ﬁelds, target feature constant or changing from trial
to trial). (iii) The effect relies on perceptual segmentation and
constitutes a spreading of attentional enhancement in an object-
speciﬁc manner. Clearly, this is a phenomenon deserving a further
study.Perceptual grouping/attentional spreading was less evident for
motion ﬁelds with complete feature similarity, including two collin-
ear and two circular motion ﬁelds (Fig. 8B). While our earlier study
showed intermediate perceptual grouping (C  0.5) in these cases,
the present paradigm revealed no signiﬁcant evidence for atten-
tional spreading. This negative result contrasts with positive evi-
dence from several prior studies: two perceptual studies showed
38 Y. Festman, J. Braun / Vision Research 54 (2012) 31–38attentional spreadingbetween collinearmotionﬁelds, relying either
on color similarity (Melcher, Papathomas, & Vidnyánszky, 2005) or
on motion aftereffects (Arman, Ciaramitaro, & Boynton, 2006). In
addition, attentional spreading between collinearmotions has been
observed in several single-unit recording studies with behaving pri-
mates (Martinez-Trujillo & Treue, 2004; Maunsell & Treue, 2006;
Treue &Martinez-Trujillo, 1999; Treue &Maunsell, 1996) and func-
tional imaging studies with human observers (Sàenz, Buracas &
Boynton, 2002; Serences & Boynton, 2007). Accordingly, the most
likely explanation for our negative results is that the present para-
digm did not provide as sensitive a measure for attentional spread-
ing as did other studies (including Festman & Braun, 2010).
A difference in sensitivity between methods is suggested also
by comparing the results for motion ﬁelds without feature similar-
ity or strong perceptual grouping (Fig. 8C). In two situations with
opposite linear ﬂows, the present approach revealed no signiﬁcant
attentional spreading, while our earlier study had found intermedi-
ate perceptual grouping. Leaving aside the issue as to why there
might be perceptual grouping between opposite ﬂows (confor-
mance to circular or radial ﬂows?), the discrepancy suggests that
the measurement of attentional spreading via threshold elevation
may itself be subject to a threshold effect: it seems to reveal high
levels, but not intermediate levels of attentional spreading.
The present study is not the ﬁrst to suggest that both spatial and
object factors can shape the allocation of attention. For example,
attention to a spatial pre-cue can spread throughout a visual object
as deﬁned by solid or illusory contours (Egly, Driver, & Rafal, 1994;
Martinez et al., 2006). In doing so, attention can enhance neural
activity at task-irrelevant locations within the object (Müller &
Kleinschmidt, 2003). Similarly, the present ﬁndings in this study
show that attentional selection is not restricted to the attended
location (transparent motion ﬁeld), but extends beyond the bound-
aries of the relevant stimuli (object) and enhance the processing of
subthreshold (motion) features that relate to the attended feature
by object-based segmentation principles such as common motion.
The interaction between attentional selection and perceptual
organization is often visualized as an activity dynamics driven by
biased competition (Deco & Rolls, 2005; Reynolds, Chelazzi, & Desi-
mone, 1999; Vacera, 2000). In the present situation, a top-down
bias might modulate neural activity in the superior medial tempo-
ral area (MST), where neurons possess large receptive ﬁelds and re-
spond selectively to global motion ﬂows, including circular and
radial ﬂows (Duffy & Wurtz, 1991a, 1991b; Graziano, Andersen,
& Snowden, 1994; Wall et al., 2008). As a result of this bias, one
particular population (representing a particular global ﬂow) may
emerge as a winner and attain a higher level of activity than other
populations. This attentional enhancement might then propagate
to all lower level neural population supplying evidence for the
winning ﬂow (Kravitz & Behrmann, 2008), whether this evidence
is task-relevant or not. In this way, object-based selection might
cause an attentional enhancement of neural activity to ‘spill over’
from attended to ignored locations.
In conclusion, we have investigated the conditions under which
feature-based attention spreads from attended to ignored stimuli.
Our new ﬁndings conﬁrm the results of an earlier study conducted
with complementary methodology (Festman & Braun, 2010):
attentional spreading is stronger between motion ﬁelds conform-
ing to a complex global ﬂow than it is between linear motion ﬁelds
(i.e., the more commonly studied conﬁguration). Thus, attentional
spreading within complex global motion ﬂows seems a promising
area for further studies.
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